are normal. Similar remarks apply to sweating which in a few cases also persisted for years, although not continuously. When the horse was calm and at rest, no sweating was evident, but after mild excitement clearly visible, often large patches of sweat appeared, particularly around the mane.
At the outset of this project the authors had no clear idea of the proportion of working horses likely to resume effective work, and to find that over 80 per cent of the respondent's animals were able to return to their original or originally designated work, was extremely pleasing. Such a high proportion indicates that the recuperative powers of intestinal neurons must be considerably greater than what was considered possible a decade ago. Of the 42 treated cases of dysautonomia, six have died and five could not be traced. The remaining 31 are well and have clinically normal intestinal function despite the fact that they have suffered a serious depletion of enteric neurons. It seems likely either that the remaining neurons have taken on extra duties, or that some degree of neuron regeneration has occurred. It is not possible from present evidence to prove that neurons have regenerated but enteric neurons isolated from adult horses into tissue culture can be stimulated to divide and grow (H. John, personal communication); the possibility of some neuronal regeneration is therefore not as unlikely as has previously been suggested.
The jejunum of the horse from which tissue was received was distended and had a thickened wall. It is possible that jejunal hypertrophy may have occurred to compensate for the poor function of the ileum.
Much time and effort was put in by the nursing staff and the owners to achieve these recoveries. Owners may have to treat a case as an individual to be specially pampered for many weeks or even months, and to do this in an establishment run as a business is especially difficult. It is therefore gratifying that all the owners consulted considered their efforts to have been worthwhile. Grass sickness is still a major cause of mortality, especially in Scottish horses, but the prognosis is good for a proportion of chronic cases whose owners are prepared to work long and hard to help them survive.
Purebred dog populations have been subject to strong selection which has resulted in extreme differences between breeds and decreased heterogeneity within breeds. As a result, breed-specific inherited diseases have accumulated in many populations. The aim of this study was to analyse genetic heterogeneity in relation to the distribution of elbow dysplasia in labrador retrievers, portosystemic shunts in Irish wolfbounds, and hepatic copper toxicosis, in Bedlington terriers. Decreased heterogeneity was demonstrated in the multiple genetic interrelations in the three populations. In pedigrees containing seven generations of ancestors, the average number of common ancestors in all pair-wise combinations of dogs was five to six (range 0 to 18). These complex interrelationships were resolved by a cluster analysis on matrices of relatedness. This analysis gave clusters of highly related animals, the average relatedness of these clusters, and the average relatedness of the entire population, as expressions of its genetic variability. The mean relatedness was 0-032 for Irish wolihounds and Bedlington terriers, and 0-002 for labrador retrievers. The labrador retriever cohort was resolved into 31 clusters, and all cases of elbow dysplasia were concentrated in five highly related clusters with an overall incidence of 17 per cent. The Bedlington terrier cohort consisted of 12 clusters which all contained cases of copper toxicosis, with an overall incidence of 46 per cent. The Irish wolfhounds were divided into 14 clusters with a disease incidence of 4 per cent. Dogs with portosystemic shunts were found in four averagely related clusters. A genetic distribution became obvious only when relatedness due to common ancestors of the cases was used as a criterion, and the cases were then concentrated in five highly related clusters.
PUREBRED dog populations represent genetically homogeneous populations with varying population structures. Since only a small fraction of the population is used as breeding stock, strong founder effects may have been introduced (Bouw 1982 The Veterinary Record, February 28, 1998 recognise the otherwise unnoticed inherited nature of a disease (Peters and Ubbink 1994) .
In this study, a cluster analysis has been applied to the evaluation of the genetic structure and heterogeneity of certain breeds, on the basis of the pedigree-registrations held by the kennel clubs. It is a hierarchical analysis of a matrix of the estimated overall genetic similarity of all existing relations, which unravels the population in terms of the number of related clusters and estimates of the degree of relatedness of these clusters. Because of the theoretical disadvantages of hierarchical methods, the procedure has been validated by comparing it with a non-hierarchical method. The method has been applied to three Dutch dog populations with different population structures, each having a specific inherited disease. These populations were Irish wolfhounds with liver failure due to inherited portosystemic shunts with an incidence of 4 per cent (Meyer and others 1994) , Bedlington terriers with copper toxicosis due to impaired hepatic excretion of copper into bile (Johnson and others 1980) with an incidence of 46 per cent and labrador retrievers (used as guide dogs for the blind) with elbow dysplasia due to fragmented coronoid process with an incidence of 17 per cent (Hazewinkel and others 1988) .
Materials and methods
Pedigrees were obtained from Kennel Club Stud Books of international breeding associations listed in the 'Federation Cynologique International' and the Kennel Club. For all the dogs in the cohorts studied pedigree information was available for seven generations.
Populations screened mon ancestors of the cohort (Ka,,) was determined in each cohort.
A common ancestor was defined as an ancestor shared by at least two cohort members to which the common genes were passed on by different descendants (Wright 1922) . Secondly, the number of common ancestors (k E Kall) that contributed to each of the relations of cohort members was determined. Thirdly, the extent of relatedness of each relation was determined using the relationcoefficient originally defined by Wright (1922 Wright ( , 1925 . All the estimates resulted in matrices of relatedness in which the expected overall similarity of each cohort member to every other member was determined.
Formula (1):
In which, R, j = the genetic similarity between cohort members i and j, k = the common ancestor of i and j, z = the theoretical pathway in which an allele of k could be inherited by both i and j, nlz, n2Z = the number of generations separating i and j, respectively, Determination ofcommon ancestry and overall relatedness
In order to find a quantitative measure for the complex sources (founders) of relatedness between individual dogs, the set of comIn order to focus more specifically on the disease, a subset within the set of founders (Kaii) was selected. This subset consisted of all ancestors that contributed to the relatedness between cases (Kcaes) Formula (3) Kcases CKall Thus the extent of relatedness between the dogs in the cohort caused by common ancestors of cases could be estimated for ancestors k with k c Kcases using formula (1).
Cluster analysis ofoverall (keKa,l) and specific relations (k EKcases)
A hierarchical cluster analysis with average linkage between clusters was applied to the matrices of relatedness. Animals with the highest genetic similarity were grouped in clusters, defined as animals having an average relationship 0-.125. The average relatedness between clusters was displayed in dendrograms.
Validation of the hierarchical cluster analysis
In a hierarchical procedure the order in which data are incorporated into the cluster analysis, and/or the lack of variation in the data, may influence the reproducibility of the final results. The reproducibility was analysed by reading the relatedness matrices in eight different sequences, using data sets derived from two, three, four, five, six and seven-generation pedigrees. These figures did not include the individual dog's generation. The resulting clusters were compared with those obtained using a non-hierarchical K-means method (Johnson and Wichern 1992) , which is not sensitive to the order in which data are entered. The number of clusters used in the K-means method was equal to the number of hierarchical clusters. Inaccuracies were defined as the fraction of the animals in a cluster that was added to a different cluster in at least one or more of the eight analyses by the hierarchical method.
To test the descriptive resolution of the hierarchical procedure the fraction of animals that was added to a different cluster was determined by comparing the results based on seven generations with the results based on six, five, four, three and two generations. 
Common ancestry in the cohorts
The total number of common ancestors in the three populations varied (Table 1 ). In each cohort there was a complex network of genetic interrelationships. As shown in Fig 1, the median numbers of shared ancestors per combination of labrador retrievers, Irish wolfhounds, and Bedlington terriers were five (range 0 to 15), five (range 0 to 18) and six (range 0 to 17), respectively. Thus, in all three cohorts there were dogs that seemed to be unrelated on the basis of seven-generation pedigrees, whereas other dogs had 15 to 18 ancestors in common.
Validation of hierarchical cluster analysis
The influence of the order of the entry of the data was strong when estimates of relatedness based on only a few generations were incorporated, owing to the limited variation in the estimates, but the differences between the hierarchical and the non-hierarchical analysis decreased when more generations were incorporated. When pedigrees of five or more generations were used the clusters of relatedness were nearly identical in both analyses, with less than 5 per cent of the dogs being assigned to a different cluster (Fig 2a) . When in the hierarchical procedure relatedness was determined by using two, three, four, five, six or seven-generation pedigrees, the results were virtually identical for five, six and seven generations, but the results based on pedigrees containing four or fewer generations differed considerably from those based on seven generations (Fig 2b) .
Cluster analysis ofoverall relatedness of the three populations
The results of cluster analyses using seven-generation pedigrees and overall relatedness estimates (keKall) were quite different in the three cohorts (Figs 3a, 4a and 5a ). The labrador retriever population showed considerable heterogeneity; there were 31 small clusters with a low degree of relatedness between the clusters. In the Irish wolfhounds and the Bedlington terriers 14 and 12 clusters, respectively, were found with a high degree of relatedness (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) The population is the number of dogs registered by the Dutch Kennel Club, representing the available breeding stock. The population of the labrador retrievers could not be established because this cohort was only a fraction of the entire Dutch population t Numbers of common ancestors of the cohorts (Kali) t Subsets of common ancestors of the affected animals (Kcases) between the clusters, indicating less genetic variability. The distribution of diseased animals among the clusters was different in the three populations (Figs 3a, 4a and 5a) . The labrador cases were concentrated in five highly related clusters; in the Irish wolfhounds portosystemic shunts occurred in four clusters which were no more than averagely related; in the Bedlington terriers copper toxicosis occurred in all the clusters.
Cluster analysis based on relatedness with common ancestors of cases The numbers of common ancestors of cases (Kcases) in the three cohorts are shown in Table 1 . In the labrador retriever population cluster analysis based on relatedness with common ancestors of cases showed an increased difference between the relatedness of clusters at risk and other clusters (Fig 3b) . In the Irish wolfhounds a difference was found in the relatedness of clusters with disease and clusters without disease which had remained unnoticed when the analysis was based on overall relatedness (Fig 4a and b) . In the Bedlington terriers the results of the two types of cluster analysis were similar (Figs 5a and b) . This study has evaluated cluster analysis as a method for studying the relatedness of purebred dog populations, for resolving the complex structure of these populations to estimate their level of relatedness and genetic heterogeneity, and for assessing the genetic background of diseases.
A hierarchical clustering procedure was applied because this approach makes it possible to find any suitable number of clusters with a given average degree of relatedness (here 2 0-125). Hierarchical clustering thus makes it possible to fit the model to the variable and unpredictable structures of different populations. Its theoretical disadvantage is that the result may be influenced by the order in which the data are incorporated into the analysis and by the extent of variation in the data set. During a hierarchical cluster analysis an animal (or already formed cluster) is added in successive rounds to a cluster with which it has the highest (average) relationship. At any stage during the analysis equal relationships might occur in the matrix, and a random choice between them may influence the hierarchical order. Thus, when the cluster analysis is repeated a different random choice may produce clusters with a different composition. The influence of limited variation and inaccuracies in sequence may be expected to be more pronounced when fewer generations are being used, because with more generations, and hence more variation in the data, there will be less chance that exactly equal relationships may occur. Nonhierarchical systems are not sensitive to the order in which data are introduced, but they require a fixed number of clusters, which is not suitable for analysing populations of unpredictable complexity (Johnson and Wichern 1992) . In order to investigate whether there is a critical quantity of data beyond which this potential source of inaccuracy becomes negligible, the results of hierarchical and non-hierarchical cluster analysis have been compared in each of the three cohorts, using relationships derived from two, three, four, five, six and seven generations. The results showed that in the dog populations considered, pedigrees contain- The Veterinary Record, February 28, 1998 may have a high incidence, as in the Bedlington terriers. Secondly, as in the Irish wolfhounds, only a few clusters may be affected, but the relationship between these clusters was no greater than the overall relatedness of all the clusters. As shown before, genetic similarity between dogs is based mainly on multiple common ancestry but the relatedness due to the ancestors that actually distributed the risk factors may be overshadowed by other ancestors in the overall relatedness. To overcome this problem a cluster analysis was focused on the common ancestry of the affected dogs. In this population the analysis clearly separated the clusters at risk from the other clusters, and elucidated the genetic background of portosystemic shunts:
The distribution of dogs with a fragmented coronoid process in the labrador retrievers revealed five highly related clusters at risk. The mean risk of the population was 17 per cent but in these five clusters it exceeded 27 per cent, and was 0 per cent for the remaining clusters. In this case, cluster analysis provides a tool to select against the disease directly, while the heterogeneity of the population may remain preserved. In the Bedlington terrier population all the clusters were affected by this known genetic disease. There was little difference between the ancestry of the diseased dogs and that of the overall population. This explains why the two methods of cluster analysis (Figs 5a and b) gave nearly the same result. However, the absence of unaffected clusters would hamper the eradication of the disease by the selection of breeding stock. All the dogs were closely related to affected dogs, and as a result all unaffected dogs are at high risk of being heterozygous carriers.
The above strategies of cluster analysis demonstrate the feasibility of this approach in three purebred dog populations with different population structures and a vaniety of inherited diseases. It is concluded that a hierarchical cluster analysis provides a better insight into the population structure and genetic heterogeneity of a population of dogs and thus of the available breeding stock. It may make it possible to detect the genetic nature of a disease, when the highly related clusters at risk can be identified. However, the absence of a clear risk distribution does not exclude inheritance, as was shown in the cohort of Bedlington terriers.
A knowledge of the distribution of an inherited disease among clusters of related animals may help to provide the means to select against the disease, while maintaining the heterogeneity of the population. The clusters of dogs at risk may also provide a basis for the selection of animals for molecular genetic studies to search for markers of the genes underlying the disease (Lisitsyn and others 1993 , Nelson and others 1993 , Aldous 1994 .
